Background: Carbamazepine and glibenclamide correct K ATP channel trafficking defects. Results: Carbamazepine and glibenclamide share a binding pocket in the channel and enhance cross-linking of Kir6.2 to SUR1. Conclusion: The two structurally distinct drugs correct K ATP channel biogenesis defects caused by mutations in SUR1 and Kir6.2 by promoting interactions between the two channel subunits. Significance: The heteromeric subunit interface is an important target for pharmacological chaperones.
underlies several human diseases (1, 2) . In pancreatic ␤-cells, the K ATP channel is formed by four sulfonylurea receptor 1 (SUR1) and four inwardly rectifying potassium channel Kir6.2 subunits (3, 4) . Loss-of-function channel mutations cause congenital hyperinsulinism (5) , often due to reduced or no channel expression at the cell surface (6) . Contrarily, gain-of-function mutations lead to neonatal diabetes (7) ; although these mutations frequently cause aberrant channel gating (1) , they can also alter channel expression to affect presentation of the disease allele (8 -10) . SUR1 is an ATP-binding cassette (ABC) transporter with an ABC core structure of two transmembrane domains (TMD1 and TMD2) and two nucleotide binding domains (NBD1 and NBD2) plus an additional N-terminal TMD0 with five transmembrane helices followed by a large cytoplasmic loop called L0 (11, 12) . In comparison, the pore subunit Kir6.2 is small, with two transmembrane helices and cytosolic N-and C-terminal domains (13) . Mutations that disrupt channel biogenesis have been reported in both subunits (14) .
Small molecules that can correct misfolding and mistargeting of mutant proteins offer a potential therapeutic solution for many human diseases caused by such defective proteins (15) (16) (17) (18) , yet a lack of mechanistic understanding of how correctors rescue mutant proteins hinders further rational drug development for clinical applications. Many small molecules bind directly and specifically to the affected proteins, thus acting as pharmacological chaperones. Pharmacological chaperones are generally thought to exert their effects via ligand-assisted protein folding and stabilization (16, 17, 19) . Although this concept is easy to understand in monomeric proteins or oligomeric proteins with similar subunits, it can have complex manifestations in heteromultimeric proteins like the K ATP channel, where not only folding of the mutant protein itself but also interactions with assembly partners need to be considered. Elucidating the structural mechanism of pharmacological chaperoning in these cases remains a challenge.
Sulfonylureas (SUs), K ATP channel antagonists commonly used to treat type 2 diabetes, were the first K ATP channel pharmacological chaperones identified (20, 21) . Interestingly, although trafficking mutations are found throughout SUR1, SUs only correct those in TMD0. Recently, we discovered that carbamazepine (CBZ), an anticonvulsant structurally unrelated to sulfonylureas (Fig. 1A) , also corrects K ATP channel trafficking defects to restore channel surface expression (22, 23) . To our surprise, of the 19 known trafficking mutations throughout SUR1 screened, only those in TMD0 responded to CBZ (22) . Moreover, like SUs, CBZ inhibits K ATP channel activity and impairs channel response to MgADP (22, 24) . These findings led us to hypothesize that despite their structural differences, SUs and CBZ may correct K ATP channel trafficking defects by a converging mechanism.
Herein we present evidence that CBZ interacts directly with K ATP channels and competes for binding with the high affinity SU, glibenclamide (GBC). Mutations in SUR1 known to disrupt the binding and action of GBC prevent CBZ from exerting its effects on K ATP channels. In order to rescue SUR1 mutations, both drugs require co-expression of Kir6.2. Conversely, both drugs are capable of correcting channel biogenesis defects caused by Kir6.2 mutations in a SUR1-dependent manner. We identify the distal N-terminal 30 amino acids of Kir6.2 as critical for normal channel biogenesis and for the chaperoning effects of GBC and CBZ. Using a genetically encoded photocross-linkable amino acid at the Kir6.2 N terminus, we demonstrate directly in living cells that binding of both drugs increases the physical interaction between the Kir6.2 N terminus and SUR1. These findings reveal that CBZ and GBC overcome mutant channel biogenesis defects by altering the interface formed by the Kir6.2 N terminus and SUR1. The study establishes a pharmacological chaperoning mechanism in which small molecules stabilize the interaction between heteromeric constituent proteins in a complex to overcome biogenesis defects caused by mutations in either subunit.
MATERIALS AND METHODS
Molecular Biology and Cell Culture-Hamster SUR1 tagged with FLAG epitope at its N terminus (f-SUR1) was cloned into pECE and rat Kir6.2 was cloned into pcDNAI. The FLAG tag has been shown to not interfere with channel biogenesis or function in prior studies (20, 21, 25) . Point mutations of SUR1 were introduced into hamster SUR1 using the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing. Mutant clones from multiple PCRs were sequenced and used to avoid undesired mutations introduced elsewhere during PCR. Construction of adenoviruses carrying K ATP subunit cDNA was as described previously (8) .
INS-1 cells, a rat insulinoma cell line, were cultured in RPMI 1640 with 11.1 mM D-glucose (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 g/ml streptomycin, 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, and 50 M ␤-mercaptoethanol. COSm6 cells were cultured in DMEM with 11.1 mM D-glucose (Invitrogen) supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. For binding experiments, we used INS-1 cells infected with recombinant adenoviruses carrying K ATP channel subunits coding sequences. This expression system gives rise to high channel protein expression levels to yield higher signal/noise ratio in the binding assay. For immunoblotting and electrophysiology experiments, we used COSm6 cells transfected with K ATP channel subunit cDNAs and other plasmids as needed because COSm6 cells do not express any endogenous K ATP channel subunits, thus providing a clean background for analyzing channel properties.
[ 3 H]GBC Binding Competition Experiments-[ 3 H]GBC (Per-kinElmer Life Sciences) binding assays were carried out on membranes prepared from INS-1 cells virally expressing f-SUR1 and Kir6.2. Viral expression was done as described previously (8) . Membranes were prepared 48 h postinfection according to the following procedure. Cells were harvested, washed three times with cold PBS, and then snap frozen; after thawing, cells were lysed in hypotonic buffer (5 mM Tris, pH 7.8, plus protease inhibitor mixture) for 45 min with rotation at 4°C; cells were homogenized and centrifuged at 900 ϫ g for 20 min at 4°C. Supernatant was collected, and membranes were pelleted by centrifugation at 100,000 ϫ g for 1 h at 4°C. Membranes were resuspended in binding buffer (150 mM KCl, 50 mM HEPES, pH 7.5) and centrifuged at 2500 ϫ g for 15 min at 4°C to remove any insoluble material. Membranes were used immediately for binding studies or aliquotted, snap frozen, and stored at Ϫ80°C. Membranes prepared from INS-1 cells infected with a control tetracycline-controlled transactivator virus served as negative controls for background [ 3 H]GBC binding due to low levels of endogenous K ATP channels and nonspecific binding, which was ϳ6% of total binding observed in membranes prepared from INS-1 cells infected with K ATP channel viruses.
Binding assays were done in 100-l reactions at room temperature. Each reaction contained 2.5 nM [ 3 H]GBC and 50 -100 g/ml protein in binding buffer, with varying concentrations of unlabeled inhibitor (final DMSO concentration was 5% to maintain solubility of CBZ and GBC). The binding reaction was initiated by the addition of membranes and was allowed to equilibrate for 60 min. Bound ligand was separated from free ligand by rapid filtration over Whatman GF/B filters. Filters were washed three times with cold binding buffer and counted for the presence of 3 H in 4 ml of scintillant (Scintiverse BD Mixture, Fisher) on a Beckman LS6000 liquid scintillation counter. Nonspecific binding was done in the presence of 1 M unlabeled GBC or 50 M CBZ.
Binding data were analyzed with the use of the GraphPad Prism 5 statistical package. One-site competitive inhibition curves for specific binding were generated using Equation 1,
where y represents specific binding, NS is nonspecific binding, Total is total binding, and X is the concentration of unlabeled inhibitor. IC 50 values and their respective 95% confidence intervals were obtained through regression analysis. For heterologous competition experiments, the inhibition constant, K i , was obtained according to the Cheng-Prusoff equation (26),
with L denoting the concentration and K D the equilibrium dissociation constant of the radioligand. Immunoblotting-COSm6 cells were transfected with f-SUR1 and Kir6.2 cDNA using FuGENE6 according to the manufacturer's instructions. Cells were lysed in lysis buffer containing 50 mM Tris⅐HCl, pH 7.0, 150 mM NaCl, and 1% Triton X-100, with Complete TM protease inhibitors (Roche Applied Science) on ice for 30 min. Cell lysate was centrifuged at 16,000 ϫ g for 5 min at 4°C, and an aliquot of the supernatant was run on SDS-PAGE and transferred to nitrocellulose membrane. For detecting SUR1, the membrane was probed with a rabbit anti-SUR1 serum raised against a C-terminal peptide of SUR1 (KDSVFAS-FVRADK), followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences), and visualized by enhanced chemiluminescence (Super Signal West Femto, Pierce) using FluorChem E equipped with a CCD camera-based detection system (Cell Biosciences). For detecting Kir6.2, the primary antibodies used were a commercial goat antibody directed against the N-terminal 18 amino acids of Kir6.2 (N-18; Santa Cruz Biotechnology). This antibody does not generate strong signals but shows fewer nonspecific interactions and is therefore used for probing SUR1-Kir6.2 cross-linked bands. For all other immunoblotting experiments, a rabbit serum raised against the C-terminal region (amino acids 170 -390) of Kir6.2 was used because it gives rise to stronger signals. The specificity of both antibodies has been demonstrated previously (8, 21, 28) . Tubulin was also probed and served as a loading control.
Construction, Expression, and UV-induced Photocross-linking of Kir6.2 with Genetically Encoded p-Azido-L-phenylalanine-COSm6 cells were co-transfected with plasmids coding for azidophenylalanine tRNA, azidophenylalanine tRNA synthetase, WT f-SUR1, and Kir6.2 containing stop codons at positions 12, 18, and 52 using FuGENE6 as described by Grunbeck et al. (29) . Growth medium was supplemented with 0.5-1 mM azidophenylalanine 12 h after transfection, and cells were grown for 36 -48 h with or without GBC or CBZ. Cells were harvested in cold PBS and incubated with drugs for 10 min at 37°C and exposed to UV for 15 min with occasional shaking. Cells were pelleted and lysed in lysis buffer (20 mM HEPES, pH 7.2, 125 mM NaCl, 4 mM EDTA, 1 mM EGTA, 1% Triton X-100) with complete protease inhibitors for 30 min and centrifuged for 15 min in a table top centrifuge. Supernatant was collected and incubated with anti-FLAG-agarose beads overnight and washed three times with 1 ml of a buffer containing 20 mM HEPES, pH 7.2, 150 mM NaCl, 4 mM EDTA, 1 mM EGTA, 1% Igepal, 0.1% SDS, and 0.04% deoxycholic acid. Finally, bound proteins were eluted with 1% SDS, run on 3-8% SDS Tris acetate gels, and subjected to immunoblotting analysis as described above. The cross-linked band intensity as a percent-age of the total SUR1 signal intensity was quantified by densitometry using ImageJ. To avoid potential problems with signal saturation, quantification was performed using images obtained from three different exposure times that gave consistent values. The average of these technical repeats was then used for calculating the mean of the biological repeats shown in the bar graphs.
Patch Clamp Recording-COSm6 cells were transfected with f-SUR1 and Kir6.2 cDNA, along with cDNA encoding the green fluorescent protein to identify transfected cells. Cells were replated onto coverslips 24 h post-transfection and used for inside-out patch voltage clamp recording the following day. Micropipettes were pulled from non-heparinized Kimble glass (Fisher) on a horizontal puller (Sutter Instrument, Novato, CA) with resistance typically ϳ1-2 megaohms. The bath (intracellular) and pipette (extracellular) solutions were K-INT: 140 mM KCl, 10 mM K-HEPES, 1 mM K-EGTA, pH 7.3. ATP was added as the potassium salt (Sigma). Recording was performed at room temperature, currents were measured at a membrane potential of Ϫ50 mV, and inward currents are shown as upward deflections. Quantification of the effects of GBC and CBZ on K ATP channel activity was performed as described in detail in the figure legends. To estimate the IC 50 of carbamazepine inhibition, dose-response data were fitted by the Hill equation (residual current (%) ϭ 1/(1 ϩ ((CBZ)/IC 50 ) H ), similar to that described previously for estimating the IC 50 of ATP inhibition (30) .
Kir6.2 Homology Model-A homology model of Kir6.2 tetramer marking the positions of the mutations studied was made with Modeler and Chimera using a chicken Kir2.2 channel crystal structure (Protein Data Bank entry 3JYC) (31) as the template. Amino acids 30 -352 of Kir6.2, which correspond to amino acids 42-369 of chicken Kir2.2 based on sequence alignment, were modeled.
Statistical Analysis-Data are shown as means Ϯ S.E. Statistical analysis was performed using Student's t test when comparing two groups. When comparing three or more groups, one-way analysis of variance was used with Tukey's post hoc test. 1B ). Using Equation 2 (see "Materials and Methods"), the K i value calculated for GBC is 0.60 nM, in agreement with values reported in the literature (32) (33) (34) , and the K i for CBZ is 25.45 nM.
RESULTS

CBZ Inhibits [ 3 H]GBC Binding to K ATP Channels-To
The estimated CBZ affinity for the channel from competition binding assays is significantly higher than CBZ concentrations that we recently reported for rescuing surface expression of SUR1-TMD0 trafficking mutants (0.2-50 M) (22), probably because the cell-based chaperoning experiments require CBZ to reach the cell interior. In addition to correcting K ATP channel trafficking defects, our recent studies have shown that CBZ imparts an inhibitory effect on channels in inside-out patch clamp recording at a concentration used for trafficking rescue (10 M) (22, 24) . The inside-out patch-clamp recording experimental setup is more comparable with the binding assay to better assess the affinity between channel-carbamazepine interactions. Using this experimental setup, we found that channel activity was indeed inhibited by Ͼ50% at 50 nM CBZ ( Fig. 1, C and D) , with an estimated IC 50 of ϳ23 nM (by fitting data in Fig. 1D to the Hill equation as described under "Materials and Methods"), which is close to the K i value of 25.45 nM calculated from the competition binding study (Fig. 1B) . These results confirm the high affinity interaction between CBZ and the channel. As a comparison, the IC 50 for GBC inhibition of K ATP channel activity reported in the literature and from our own studies is 1-3 nM (35-37), and the K i calculated for GBC from the competition binding assays shown in Fig. 1B is 0.6 nM.
CBZ and GBC Share Binding Sites in SUR1-GBC binding to SUR1 has been proposed to involve two sites referred to as site A and B (38) , located in TMD2 and L0, respectively ( Fig. 2A ). Site A interacts with a short-chain sulfonylurea moiety (e.g. tolbutamide), whereas site B binds to the non-sulfonylurea, benzamido moiety of GBC. Point mutations in the proposed site A (S1238Y) or site B (Y230A) ( Fig. 2B ) render channels less sen-sitive to GBC block, and combining both mutations completely abolishes channel inhibition by GBC (39 -41) . The same set of mutations (referred to as GBC binding mutations hereafter) also disrupt GBC rescue of SUR1-TMD0 trafficking mutations without affecting channel biogenesis or gating themselves, as reported in our previous study (41) .
Although the structures of CBZ and GBC appear quite different ( Fig. 1A) , given that CBZ inhibits [ 3 H]GBC binding to the channel, we wondered whether the two drugs have overlapping binding sites. First, we asked whether CBZ rescue of TMD0 trafficking mutants is disrupted by GBC binding mutations, Y230A, S1238Y, or both (Y230A/S1238Y). The F27S SUR1-TMD0 mutation previously shown to respond to GBC and CBZ rescue (22) was used as an example. Cells were treated with 0.1% DMSO as vehicle control, 5 M GBC, or 10 M CBZ overnight (16 h) prior to Western blot analysis; these conditions have been shown in our previous study to result in optimal rescue effects (22) .
In Western blots, two SUR1 bands were detected for WT channels: the core-glycosylated lower band representing the immature form in the ER and the complex-glycosylated upper band corresponding to mature SUR1 that has exited the ER and traversed the Golgi (42) . By contrast, only the immature band was observed in cells co-expressing F27S-SUR1 and Kir6.2, a defect that was efficiently corrected by GBC and CBZ. As Representative inside-out patch voltage clamp recordings from COSm6 cells transfected with cDNAs for SUR1, Kir6.2, and GFP as described under "Materials and Methods." Membrane patches were excised into K-INT solution (see "Materials and Methods") and briefly exposed to 1 mM ATP to confirm the identity of the current. The patch was subsequently returned to K-INT and exposed to 0.1% DMSO (vehicle control) or 50, 100, or 500 nM CBZ, as indicated by the arrows. The dotted lines indicate where current inhibition reached nearly steady state. D, averaged residual currents at nearly steady state inhibition expressed as a percentage of currents prior to CBZ exposure. Each bar represents the mean Ϯ S.E. of four patches. expected, the rescue effect of GBC was attenuated by Y230A or S1238Y and abolished by Y230A/S1238Y. Remarkably, both single binding mutations alone and the double binding mutation also rendered CBZ ineffective in rescuing F27S (Fig. 2C ).
Results from experiments described above provide compelling evidence that CBZ corrects trafficking defects of TMD0-SUR1 mutants by binding to the channel and acting as a pharmacological chaperone. Moreover, the sites involved in CBZ binding are similar to or overlap with those involved in GBC binding. We note that the SUR1 upper band was used as a readout for pharmacological correction of mutant channel trafficking defects in this and subsequent experiments because our previ-ous studies have established that the intensity of the SUR1 upper band in the COS cell expression system correlates well with the level of channel expression at the cell surface assessed by surface staining, surface biotinylation, a quantitative surface chemiluminescence assay, and functional assays (21, 22, 24, 43 ).
Next, we tested whether the effects of CBZ on channel gating are also dependent on sites required for the actions of GBC. As shown in Fig. 2D , Y230A rendered channels less sensitive to CBZ inhibition. The S1338Y mutation, although it did not affect the extent of inhibition by CBZ, made the inhibition highly reversible. Combining Y230A and S1238Y completely prevented CBZ from inhibiting channel activity. The gating FIGURE 2. Point mutations in SUR1 known to interfere with GBC binding disrupt the effects of both GBC and CBZ on K ATP channel biogenesis and gating. A, pharmacophore model of GBC proposed by Grell et al. (38) . B, topology model of SUR1 showing the location of GBC binding site A mutation S1238Y and site B mutation Y230A. TMD0 trafficking mutations F27S, A116P, and V187D used in the study as well as the ER retention motif RKR are also shown. C, trafficking-defective SUR1 mutant containing TMD0 mutation F27S in combination with GBC binding mutation Y230A (left), S1238Y (middle), or double binding mutation Y230A/S1238Y (right) was co-expressed with Kir6.2 and subjected to drug treatment (0.1% DMSO vehicle (V), 5 M GBC (G), or 10 M CBZ (C)) overnight (16 h) as indicated. For comparison, WT control (WT-SUR1 ϩ WT-Kir6.2) and F27S in WT-SUR1 background (F27S-SUR1 ϩ WT-Kir6.2) with or without drug treatment was included in each blot. Tubulin blots served as loading controls. The filled and open circles in this and subsequent blots indicate the complexand core-glycosylated SUR1 proteins, respectively. D, representative current traces of mutant channels obtained by inside-out patch voltage clamp recording. COSm6 cells were transfected with Kir6.2 and WT-SUR1, Y230A-SUR1, S1238Y-SUR1, or Y230A/S1238Y-SUR1. Membranes were excised into K-INT solution and briefly exposed to 1 mM ATP to confirm the identity of the current. The patch was subsequently exposed to 10 M CBZ (top row) or 0.1 M GBC (bottom row). The initial jump of currents in each trace was due to channel opening upon patch-excision into ATP-free K-INT solution. Currents in 10 M CBZ or 0.1 M GBC after inhibition reached nearly steady state were quantified and expressed as a percentage of currents observed in K-INT at the beginning of the recording (bar graph on the right; each bar represents the mean Ϯ S.E. (error bars) of 3-4 patches). Note that the inhibition was not reversible for WT and the Y230A mutant but was reversible for the S1238Y mutant.
profiles of these mutants in response to CBZ mirrored those in response to GBC. The remarkable similarities in how GBC binding mutations negatively impact channel response to CBZ and GBC indicate that, like GBC, CBZ interacts directly with the channel, at least with SUR1, to exert its effects.
Involvement of Kir6.2 in the Chaperoning Effects of GBC and CBZ-GBC or CBZ could correct SUR1 mutations associated with K ATP channel biogenesis defects by correcting the folding defect of mutant SUR1 per se or by a process that engages both channel subunits. These possibilities can be distinguished using a SUR1 variant in which the ER retention signal RKR is mutated to AAA (SUR1 RKR3 AAA ), which allows SUR1 to traffic to the cell surface without Kir6.2 (42) . Using this approach, we found that the chaperoning effect of CBZ is dependent on Kir6.2. For this set of experiments, SUR1-TMD0 trafficking mutations A116P and V187D, which we have shown previously to respond to GBC and CBZ rescue (20, 22, 23, 41, 44) , were used as examples. In SUR1 RKR3 AAA bearing A116P or V187D expressed without Kir6.2, both exhibited only the core-glycosylated lower band, in contrast to WT-SUR1 RKR3 AAA , which showed both lower and upper bands; treatment with CBZ failed to correct the mutant SUR1 processing defects (Fig. 3A) . Upon co-expression with Kir6.2, however, CBZ was able to induce the mature upper band of both mutants. These findings are reminiscent of those previously reported for GBC (41) , leading us to conclude that Kir6.2 plays a requisite role in the chaperoning effects of CBZ and GBC. Interestingly, we noted that CBZ treatment significantly enhanced the core-glycosylated A116P-and V187D-SUR1 RKR3 AAA band intensity even in the absence of Kir6.2. A likely explanation is that CBZ protects the misfolded SUR1 proteins against ER-associated degradation, which would be con-sistent with our previous metabolic pulse-chase study showing that GBC also slows down the degradation rate of A116P-SUR1 expressed alone without Kir6.2 (20) .
The above results prompted us to ask the converse question, namely whether GBC and CBZ can also correct trafficking defects caused by Kir6.2 mutations in a SUR1-dependent manner. A number of Kir6.2 mutations associated with either congenital hyperinsulinism or neonatal diabetes have been reported to impair channel biogenesis (8, 45, 46) . We tested the effects of GBC and CBZ on several such mutations, including Q52R, V59G, R201H, and I296L associated with neonatal diabetes and W91R, H259R, and R301H associated with congenital hyperinsulinism. Correction of channel biogenesis efficiency was assessed by Western blots of SUR1 co-expressed with mutant Kir6.2. GBC and CBZ increased the SUR1 upper band signal in some mutants to varying degrees (Fig. 3, B and C) but not W91R and H259R (not shown). Among these, the I296L showed the greatest response to both compounds as compared with the DMSO vehicle-treated control. We analyzed further whether the rescue effect is dependent on the intact binding sites for these drugs in SUR1. The Y230A/S1238Y double mutation in SUR1, which abolished the ability of both drugs to rescue the trafficking defects of TMD0-SUR1 mutations also rendered the drugs unable to correct the processing defect of SUR1 coexpressed with I296L-Kir6.2 (Fig. 3D) . The results lend further support to the notion that both channel subunits are involved in the chaperoning effects of GBC and CBZ.
An Essential Role of the Kir6.2 N Terminus in Channel Biogenesis and Pharmacological Correction-Although SUR1 is the primary high affinity binding subunit for SUs, several studies have indicated that Kir6.2 also contributes to binding. Dele- tion of the distal N terminus of Kir6.2 (ranging from 10 to 30 amino acids) reduces GBC binding affinity, photolabeling of Kir6.2 co-expressed with SUR1 by 125 I-azido-GBC, and channel sensitivity to GBC inhibition (34, (47) (48) (49) . This raises the question of whether the distal N terminus of Kir6.2 plays a role in mediating the chaperoning effect of GBC and CBZ. To address this, we examined whether deletion of the N terminus of Kir6.2 affects the ability of GBC or CBZ to rescue channel trafficking defects. Using F27S-SUR1, we found that whereas processing of the mutant SUR1 in cells co-expressing WT-Kir6.2 was fully normalized by both drugs, as evidenced by the abundant upper band, this was not the case when F27S-SUR1 was co-expressed with ⌬N30-Kir6.2, where the upper band in the drug-treated cells was barely detectable (Fig. 4A ). Deletion of the distal C terminus of Kir6.2 (⌬C25), on the other hand, did not affect the rescue by either drug. Control experiments comparing WT-SUR1 co-expressed with WT-, ⌬N30-, or ⌬C25-Kir6.2 showed that deletion of the N terminus also severely compromised the maturation efficiency of WT-SUR1 (Fig. 4B) , although ⌬N30-Kir6.2 was expressed at levels similar to WT-Kir6.2 (Fig. 4C ). By contrast, deletion of the Kir6.2 C terminus had little impact on SUR1 maturation, in agreement with previous studies (50) . These experiments reveal that the Kir6.2 N terminus is a critical determinant not only for WT channel biogenesis but also for pharmacological chaperone rescue of mutant channels.
Pharmacological Chaperones Increase Photocross-linking of Kir6.2 N Terminus with SUR1-Our evidence so far indicates that CBZ and GBC rescue channel biogenesis defects by engaging both channel subunits. This led us to ask whether and how GBC and CBZ binding to the channel cause structural changes to overcome the defects. Because the N-terminal 30 amino acids of Kir6.2 are important for channel biogenesis and pharmacological rescue, we focused our attention on this region, with the hypothesis that GBC and CBZ may alter interactions between Kir6.2 and SUR1 to correct channel biogenesis defects caused by mutations in either subunits. We employed a sitedirected cross-linking approach to probe potential structural changes that may be brought on by drug binding. To achieve this, we engineered genetically encoded photocross-linkable unnatural amino acid, p-azido-L-phenylalanine (AzF), at specific positions in Kir6.2. In this scheme, the nonsense amber stop codon, TAG, replaces the WT amino acid codon at a designated position. Suppression of the stop codon is achieved by co-transfecting cells with plasmids for an engineered orthogo-nal pair of tRNA CUG and aminoacyl tRNA synthetase specific for AzF and growing cells in the presence of AzF (51) . Importantly, this approach allows us to monitor pharmacological chaperone-dependent changes in SUR1-Kir6.2 interactions in living cells where the chaperoning actions occur. Moreover, it allows us to interrogate the structural regions involved by placing AzF at specified positions (Fig. 5A) . We chose to incorporate AzF into Kir6.2 positions 12 and 18, which harbor a tyrosine and alanine, respectively, in the WT protein. As a positive control, we also placed the stop codon at position 52 of Kir6.2 based on our previous finding using cysteine cross-linking that this position is in close proximity to amino acid 203 in SUR1 (52) .
To first confirm incorporation of AzF in the three Kir6.2-TAG mutants, we co-transfected cells with cDNAs for WT f-SUR1, Kir6.2-TAG, the aminoacyl tRNA synthetase for AzF, and tRNA CUG and then incubated cells in the absence or presence of AzF. Western blots showed that for all three Kir6.2-TAG constructs, no Kir6.2 was detected in the absence of AzF, and the corresponding SUR1 only showed the lower band; however, in the presence of AzF, a Kir6.2 band was detected, indicating suppression of the stop codon, with the corresponding SUR1 showing both the lower and upper band (Fig. 5B ). Note that in cells transfected with the mutant Kir6.2-TAG and WT SUR1 plasmids, the mutant Kir6.2 and SUR1 signals were significantly weaker compared with signals seen in cells transfected with WT-Kir6.2 and WT-SUR1 (Fig. 5B ). This is due to the lower expression efficiency and transfection efficiency inherent to the mammalian cell amber stop codon suppression experimental system (51) . Patch clamp recording further confirmed that the Kir6.2-TAG constructs formed functional ATP-sensitive channels with SUR1 ( Fig. 5C ).
Next, we tested whether Kir6.2 can be cross-linked to SUR1 upon UV exposure and whether the cross-linking is modulated by pharmacological chaperones. In cells expressing the Kir6.2-Y12AzF channel and treated with DMSO, UV exposure yielded a faint band above the SUR1 upper band and below the 250-kDa marker detected by the anti-SUR1 antibody (Fig. 6A) . The size of the band suggests that it could be SUR1 cross-linked to Kir6.2. To verify this, the blots were also probed with antibodies against the N terminus (see "Materials and Methods") of Kir6.2. The anti-Kir6.2 N terminus antibody recognized the band that was detected by anti-SUR1 antibody, confirming that the band corresponds to SUR1 cross-linked to Kir6.2. Additional bands were also observed above the SUR1-Kir6.2 cross-linked band Note that the Kir6.2 mutant and SUR1 signals are much weaker than WT (see main text for explanation). To avoid signal saturation, the WT control lanes were shown separately with a shorter exposure time. Numbers on the left of the blots indicate molecular mass markers in kDa. C, functional analysis of channels formed by SUR1 and Kir6.2 with azidophenylalanine incorporated at amino acid positions 12, 18, and 52 (Kir6.2Y12AzF, Kir6.2A18AzF, and Kir6.2Q52AzF). Shown are representative inside-out patch clamp recordings. All three mutant channels are functional, as evidenced by currents that were inhibited by 1 mM ATP. A current trace of WT channels (WT-SUR1 plus WT-Kir6.2) is included for comparison. For WT and each of the mutants, 3-4 cells were recorded with similar results. FIGURE 6. Pharmacological chaperone-dependent photocross-linking of the Kir6.2 N terminus with SUR1 in living cells. A, photocross-linking of Kir6.2 amino acid 12 to SUR1 is enhanced by GBC and CBZ. Cells expressing WT channels (WT-SUR1 ϩ WT-Kir6.2) served as a negative control. Cells expressing WT SUR1 plus Kir6.2Y12AzF but treated with 0.1% DMSO overnight prior to cross-linking served as a vehicle control for the effects of drugs. The cross-linked SUR1-Kir6.2 band detected by anti-SUR1 antibody (SUR1 Ab) is marked by the asterisk in this and subsequent blots (top blot). This cross-linked band was also recognized by an antibody against the first 18 amino acids of Kir6.2 (Kir6.2 N-ter Ab; bottom blot). Note that some signals above the cross-linked SUR1-Kir6.2 band are present in the blot probed with Kir6.2 antibody and may represent Kir6.2 cross-linked to other unknown proteins that were co-purified with the K ATP channel complex. B, bar graph showing quantification of averaged cross-linked SUR1-Kir6.2 band intensity as a fraction of total SUR1 intensity in DMSO-, GBC-, or CBZ-treated cells (see "Materials and Methods" for quantification procedures for this figure and Fig. 7) . Each bar represents the mean Ϯ S.E. (error bars) of four independent experiments. *, p Ͻ 0.001 by one-way analysis of variance with Tukey's post hoc test. C, GBC and CBZ also enhanced photocross-linking of Kir6.2A18AzF to SUR1 seen as the band recognized by both the anti-SUR1 antibody (top blot) and the anti-Kir6.2 N-terminus antibody (bottom blot). D, Kir6.2Y12AzF cross-links to F27S-SUR1 only in cells treated overnight with 5 M GBC to rescue the trafficking defect caused by F27S. Note that no quantification of cross-linking was performed to compare the DMSO-treated versus drug-treated samples because little or no cross-linking occurred in DMSO-treated samples (n ϭ 3). and could be Kir6.2 cross-linked to other Kir6.2 or other non-K ATP channel proteins. The intensity of the cross-linked band was substantially stronger in cells incubated overnight with GBC or CBZ. Quantification of this band from four independent experiments (see "Materials and Methods") revealed a statistically significant increase in the signal in cells treated with GBC or CBZ compared with control (2.00 Ϯ 0.33-and 1.76 Ϯ 0.31-fold increase for GBC and CBZ, respectively; Fig. 6B ).
Similar results were obtained for Kir6.2-A18AzF, although for this position, little cross-linking was detected in DMSO vehicle-treated control samples, and only a weak cross-linked SUR1-Kir6.2 band was observed in GBC-or CBZ-treated samples ( Fig. 6C; n ϭ 3) . We then tested whether pharmacological chaperones will induce cross-linking of Kir6.2 to the TMD0-SUR1 trafficking mutant F27S. In DMSO-treated cells, no cross-linked SUR1-Kir6.2 band was detected upon UV exposure; however, in GBC-treated cells, a cross-linked band was clearly visible ( Fig. 6D; n ϭ 3) . These results show that pharmacological chaperones increase physical interactions between the Kir6.2 distal N terminus and SUR1 and that this effect underlies, at least in part, the ability of GBC and CBZ to correct channel biogenesis defects.
Finally, we tested the positive control, Kir6.2-Q52AzF, which is expected to cross-link to SUR1 independent of chaperone treatment. Indeed, cross-linking between SUR1 and Kir6.2 was observed in cells treated with DMSO, GBC, or CBZ (Fig. 7A) .
Quantification from three independent experiments showed that the extent of cross-linking in drug-treated samples did not differ significantly from that in DMSO vehicle-treated samples (Fig. 7B ).
DISCUSSION
In this study, we investigated how two chemically distinct small molecules, GBC and CBZ, correct processing defects of heteromeric K ATP channels. This mechanistic study follows up on our previous work showing that CBZ and GBC both correct K ATP channel trafficking defects in a similar subset of mutations, and both inhibit channel activity (22, 24) . We show that despite the structural difference, both drugs require the same residues in SUR1 and the N terminus of Kir6.2 for their actions, implicating shared binding sites and chaperoning mechanisms. Furthermore, both drugs enhance the interaction between the Kir6.2 N terminus and SUR1. These results led us to propose that CBZ and GBC, rather than correcting the folding defect of the mutant subunit itself to allow complex assembly, bind to the mutant SUR1-Kir6.2 complex and stabilize the SUR1-Kir6.2 interface to allow mutant channels to adopt a correctly folded state that can pass the ER quality control (Fig. 8A) . The findings presented here reveal a converging mechanism whereby pharmacological chaperones correct biogenesis defects caused by mutations in individual subunits of large heteromeric K ATP channel protein complexes by targeting the interface of structurally diverse constituent proteins. The study has important implications for channel pharmacology and biogenesis mechanism as discussed below. A, proposed mechanism of pharmacological chaperone rescue of K ATP channels. WT-SUR1 and Kir6.2 subunits co-assemble to form pre-K ATP channel complex (in brackets), which undergoes structural changes possibly with help from cellular chaperones, resulting in coupling of SUR1 and Kir6.2 to form mature K ATP channels. Mutations in either SUR1 TMD0 or Kir6.2 result in a perturbed interface between SUR1 and Kir6.2 in pre-K ATP channel complex (small red patches), which expands to global misfolding/misassembly and results in ER-associated degradation (ERAD). Binding of pharmacological chaperones to mutant pre-K ATP channel complex lowers the energy barrier for structural rearrangements and promote channel maturation. B, structural models of glibenclamide, adapted from Yuriev et al. (58) with permission from the publisher. Hydrogens are omitted for clarity. Color coding is as follows: carbon (gray), oxygen (red), nitrogen (blue), sulfur (yellow), chlorine (green). Left, crystal structure. Middle, lowest energy conformation resulting from the systematic conformational search in vacuo. Right, three-dimensional conformer of carbamazepine, adapted from PubChem. CBZ has been shown or proposed to have salutary effects on several conformational diseases, including cystic fibrosis, caused by the cystic fibrosis transmembrane conductance regulator (CFTR) mutation ⌬F508 (54), hepatic fibrosis caused by misfolding and aggregation of ␣1-antitrypsin (55), and some neurodegenerative diseases (56, 57) . In the latter two cases, CBZ is thought to alleviate disease phenotypes by activating the autophagy pathway to clear aggregated mutant proteins rather than acting as a pharmacological chaperone. For ⌬F508 CFTR, although CBZ was found to improve the processing of the mutant protein, the underlying mechanism remains unknown. In our recently published work, we have shown that CBZ corrects K ATP channel trafficking defects by a mechanism independent of autophagy (22) . Our results in this study provide compelling evidence that CBZ interacts directly with the K ATP channel and acts as a bona fide pharmacological chaperone. Moreover, our results suggest that CBZ and GBC share similar binding sites in the K ATP channel complex in the currently proposed binding site model for GBC. At first sight, this notion may seem surprising, given that the two chemicals appear to have quite different structures and that both drugs have been characterized extensively. GBC is ϳ17 Å long in its extended conformation with 11 rotatable bonds, endowing the molecule with considerable conformational freedom. In contrast, CBZ, which is structurally related to tricyclic antidepressants, is relatively compact and rigid. Computational studies have demonstrated that GBC can acquire a folded U shape conformation in vacuo due to its preference for hydrophobic interactions, whereas in the presence of aqueous solvent, it prefers an extended conformation due to its preference for solvation interactions with water (58) (Fig. 8B) . Given the environmental sensitivity of the GBC conformation, we speculate that GBC may attain a considerably folded state upon binding to a rigid binding pocket in SUR1, and loss of entropy is probably compensated for by optimal positioning of hydrophobic groups in the binding pocket. Alternatively, there remains a possibility that CBZ and GBC may bind to different sites in the channel complex to allosterically impact a common Kir6.2-SUR1 interface. Future work defining the precise physical binding sites of glibenclamide and carbamazepine in the channel complex is needed to address this issue. SUR1 belongs to the ABC transporter family, which comprises a large number of proteins involved in movement of structurally diverse endogenous and xenobiotic compounds across biological membranes (59) . Unlike other members in the family, however, SUR has uniquely evolved to regulate the activity of an ion channel without being a transporter or ion channel itself (60) . Despite functional divergence, all ABC transporters share some structural similarities. It is worth noting that both GBC and CBZ have been reported to bind or are substrates of ABC transporters (59). Bessadok et al. (61) recently showed that the multidrug resistance transporter P-glycoprotein (ABCB1) recognizes several SUR1 ligands, including GBC and diazoxide. Moreover, CBZ has been shown to correct the trafficking defect of ⌬F508 CFTR (54), another ABC transporter. Although it remains unknown whether CBZ binds directly to CFTR, these observations nevertheless raise the interesting possibility that there may be common structural features in ABC transporters that endow them with the ability to interact with diverse compounds, albeit with different affinities. Examination of additional ABC transporter substrates may uncover new pharmacological chaperones or modulators for K ATP channels and other ABC transporters.
Our results show that the distal N terminus of Kir6.2, whose sequence is unique among Kir6 subfamily members, is an important structural conduit for channel assembly and chaperone action. Deletion of Kir6.2 N-terminal 30 amino acids greatly impairs SUR1 maturation and precludes the rescue effect of pharmacological chaperones on TMD0 trafficking mutants. This is unlikely to be due to severe misfolding of Kir6.2⌬N30 because this construct has been shown to form functional channels, although with altered gating properties (62) (63) (64) (65) . Interestingly, using Kir2.1/Kir6.2 chimeras co-expressed with SUR proteins in Xenopus oocytes, it has been shown that the distal N terminus of Kir6.2 is important for specific interactions with SUR and for surface expression of K ATP channels (66) . Moreover, 125 I-azido-GBC co-photolabeling of truncated Kir6.2 containing all or part of the N terminus and the first transmembrane helix when co-expressed with SUR1 suggests physical proximity of the Kir6.2 N terminus to GBC-bound SUR1 (49) . Our findings that GBC and CBZ promote cross-linking of the unnatural amino acid AzF engineered in Kir6.2 amino acid positions 12 and 18 to SUR1 are consistent with previous studies and, importantly, directly capture in living cells the critical role of this region in interacting with SUR1 to mediate channel biogenesis during pharmacological rescue.
An intriguing feature shared by GBC and CBZ is that all SUR1 mutations responsive to rescue by the two drugs are located in TMD0. Our observation that in the absence of pharmacological chaperones, F27S-SUR1 fails to confer cross-linking suggests that F27S disrupts SUR1-Kir6.2 interactions, perhaps due to misfolding of TMD0. A SUR1 region that has been proposed to interact with the distal N terminus of Kir6.2 is the L0 linker that connects TMD0 to the ABC core structure. Evidence suggests that L0 of SUR1 and the N terminus of Kir6.2 form site B of the GBC binding pocket. We speculate that in the case of TMD0 mutants, stabilization of interactions between L0 of SUR1 and the Kir6.2 N terminus by CBZ or GBC is key to stabilizing the mutant channel complex to allow mutant TMD0 to eventually adopt the correct conformation instead of being directed to ER-associated degradation (Fig. 8A ). This would explain why GBC and CBZ do not rescue the trafficking defects of SUR1 RKR3 AAA harboring TMD0 mutations in the absence of Kir6.2 although SUR1 alone can still bind GBC with high affinity (32, 34) . It is worth noting that we have recently found that substitution of glutamine at the N-terminal amino acid position 52 of Kir6.2 by glutamate or aspartate suppresses the processing defect caused by F27S or A116P mutations in the TMD0 of SUR1 (67) , consistent with a model of coupled conformational maturation between SUR1 and Kir6.2.
In summary, the study presented here unveils similarities between the mechanism of action of GBC and CBZ on K ATP channels. It offers a striking demonstration of how stabilization of heterosubunit interface by pharmacological chaperones can profoundly impact the biogenesis efficiency of the mutant complex. Our findings underscore the importance of subunit inter-faces as drug targets to modulate protein complex stability and function (53, 68 -70) and provide the impetus for designing new mechanism-based K ATP channel pharmacological chaperones and gating modulators. Furthermore, the genetically encoded cross-linkable unnatural amino acid employed here demonstrates the drug-dependent propensity of interactions between the Kir6.2 N terminus and SUR1 and is a promising approach for detecting conformational changes associated with physiological and pharmacological functional state transitions in K ATP channels as well as other proteins. Finally, because CBZ is a Food and Drug Administration-approved drug for treating certain human diseases, our studies suggest that the drug may also have applications for K ATP channelopathies.
